It has been proposed that during embryonic development haematopoietic cells arise from a mesodermal progenitor with both endothelial and haematopoietic potential called the haemangioblast 1,2 . A conflicting theory instead associates the first haematopoietic cells with a phenotypically differentiated endothelial cell that has haematopoietic potential (that is, a haemogenic endothelium) [3] [4] [5] . Support for the haemangioblast concept was initially provided by the identification during mouse embryonic stem cell differentiation of a clonal precursor, the blast colony-forming cell (BL-CFC), which gives rise to blast colonies with both endothelial and haematopoietic components 6, 7 . Although recent studies have now provided evidence for the presence of this bipotential precursor in vivo 8,9 , the precise mechanism for generation of haematopoietic cells from the haemangioblast still remains completely unknown. Here we demonstrate that the haemangioblast generates haematopoietic cells through the formation of a haemogenic endothelium intermediate, providing the first direct link between these two precursor populations. The cell population containing the haemogenic endothelium is transiently generated during BL-CFC development. This cell population is also present in gastrulating mouse embryos and generates haematopoietic cells on further culture. At the molecular level, we demonstrate that the transcription factor Tal1 (also known as Scl; ref. 10) is indispensable for the establishment of this haemogenic endothelium population whereas the core binding factor Runx1 (also known as AML1; ref. 11) is critical for generation of definitive haematopoietic cells from haemogenic endothelium. Together our results merge the two a priori conflicting theories on the origin of haematopoietic development into a single linear developmental process.
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The haemangioblast can be isolated from differentiated mouse embryonic stem cells based on Kdr (previously known as Flk-1) expression 12 and generates a blast colony containing haematopoietic and endothelial cells after four days of culture 6,7 ( Supplementary Fig.  1 ). To investigate the developmental steps leading to the generation of haematopoietic cells, we followed the development of individual blast colonies by time-lapse photography. We found retrospectively that it was a sequential process divided into two stages: after 36-48 h of culture the haemangioblast gave rise to a tight adherent structure, and then non-adherent round cells appeared and proliferated to generate a mature blast colony ( Fig. 1a and Supplementary Videos 1 and 2). We observed by fluorescence-activated cell sorting (FACS) that a high proportion of cells were positive for the endothelial marker Tek (previously known as Tie2; ref. 13 ) after the first day ( Fig. 1b, d) . A few cells positive for CD41 (also known as Itga2b), which defines haematopoietic commitment both in vivo and in vitro [14] [15] [16] , were also detected at this stage. The percentage of CD41 1 cells increased markedly by day 2, and by day 4 most cells were CD41 1 Tie2 2 , with around 30% expressing CD45 (also known as Ptprc) as well ( Fig. 1b, c) . FACS sorting of the four cell populations defined by Tie2 and CD41 confirmed that both primitive erythroid and definitive haematopoietic potentials were confined to the CD41 1 fractions ( Supplementary  Fig. 2 ). These analyses demonstrate the dynamic nature of blast colony development starting at day 1 with a subpopulation of cells expressing Tie2 and developing to a cell population almost fully CD41 1 three days later. Interestingly, a transient Tie2 hi c-Kit 1 (c-Kit 1 is also known as Kit 1 ) cell population was detected after 48 h of blast development ( Fig. 1d ), concomitant with the appearance of tight adherent structures ( Fig. 1a ). This Tie2 hi c-Kit 1 population contained both CD41 2 and CD41 1 cells (Fig. 1e ). These results indicate that the Tie2 hi c-Kit 1 cell population may represent a transitional population from which the first CD41 1 cells may originate. Accordingly, the Tie2 hi c-Kit 1 CD41 2 fraction displayed a low but significant haematopoietic potential ( Supplementary Fig. 3 ), indicating that CD41 1 cells may be produced from this cell population.
The endothelial nature of the Tie2 hi c-Kit 1 CD41 2 cell population was supported by homogeneous staining for endothelial markers such as CD31 (also known as Pecam1; ref. 17 Supplementary Fig. 4a ), and generated endothelial networks on culture in matrigel plugs ( Fig. 2b) . Immunostaining for CD31, expressed specifically by Tie2 hi c-Kit 1 cells at day 3 of blast development ( Supplementary Fig. 4b ), and for CD41 demonstrated the presence of CD31 1 CD41 2 endothelial cells corresponding to the core of tightly associated cells of blast colonies ( Supplementary Fig. 4c ).
In addition to its clear endothelial signature, the Tie2 hi c-Kit 1 CD41 2 subpopulation expressed transcription factors associated with the onset of haematopoiesis ( Supplementary Fig. 5a ). To test whether this population contained endothelial cells with haematopoietic potential (that is, a haemogenic endothelium), Tie2 hi c-Kit 1 CD41 2 cells were cultured in conditions supporting the generation of haematopoietic cells from the aorta-gonad-mesonephros (AGM) region of mouse embryo 24 . After two days, non-adherent round cells were observed ( Supplementary Fig. 5b ), and FACS analysis demonstrated that around 70% of the cells expressed CD41 and that some of them had downregulated Tie2 expression ( Fig. 2c ). Isolation of these newly generated CD41 1 cells further confirmed that haematopoietic potential was present and restricted to this fraction ( Supplementary Fig. 5c ). To evaluate the proportion of Tie2 hi c-Kit 1 CD41 2 cells becoming CD41 1 , we labelled them with carboxy-fluorescein succinimidyl ester (CFSE), a fluorescent dye equally distributed after each cell division. After 24 h of culture, about 40% of cells were CD41 1 cells, with a CFSE mean fluorescence 1.5 times lower than in CD41 2 cells ( Supplementary  Fig. 5d ). This result indicates that CD41 1 cells were produced from around 25% (that is, 40% divided by 1.5) of the Tie2 hi c-Kit 1 CD41 2 cells. By limiting dilution analysis, the frequency of Tie2 hi c-Kit 1 CD41 2 cells generating more differentiated haematopoietic cells was found to be around 1.2% ( Supplementary Fig. 5e ). This number, lower than in the CFSE analysis, reflects the fact that only a fraction of CD41 1 cells are able to respond to haematopoietic growth factors. The clonality of the haemogenic endothelium was demonstrated by generation of haematopoietic cells from single Tie2 hi c-Kit 1 CD41 2 cells ( Supplementary Fig. 5f ). Finally, Tie2 hi c-Kit 1 CD41 2 cells did not express the mesodermal marker brachyury 25 (Supplementary Fig.  6a ) and were unable to generate blast colonies ( Supplementary Fig. 6b ) indicating that the precursors present in this cell population were clearly distinct and downstream from haemangioblasts. Overall, these data demonstrate the presence of clonal haemogenic endothelial cell precursors in the Tie2 hi c-Kit 1 CD41 2 cell population.
A prediction from these results is that a Tie2 1 c-Kit 1 CD41 2 haemogenic population should be present in vivo at the onset of blood development. We were indeed able to identify Tie2 1 c-Kit 1 CD41 2 cells in embryos at the neural plate stage of gastrulation and their frequencies increased in subsequent stages (Fig. 2d) . Immunostainings demonstrated that they were localized in developing blood islands of early headfold embryos ( Fig. 2e, f) . FACS-isolated Tie2 1 c-Kit 1 CD41 2 cells plated on OP9 stromal cells generated round non-adherent cells giving rise to CD45 1 cells and primitive and definitive haematopoietic colonies after replating (data not shown and Fig. 2g ). Tie2 1 c-Kit 1 CD41 2 cells were also detected within the AGM region of E10.5 embryos in the dorsal aorta ( Supplementary Fig. 7a -c) and these cells also had the capacity to generate haematopoietic cells ( Supplementary Fig. 7d, e ), but the origin of these Tie2 1 c-Kit 1 CD41 2 cells in the AGM and their precise developmental potential remain to be characterized. Together these data indicate that the Tie2 1 c-Kit 1 CD41 2 progenitor population detected in gastrulating embryos may represent an intermediate between the haemangioblast, predominantly found in the primitive streak 8 , and the haematopoietic precursors found in the yolk sac 26 .
To investigate further the molecular mechanisms implicated in the generation of the Tie2 1 c-Kit 1 CD41 2 population, we analysed the effects of knockdown of two critical genes for early haematopoiesis, Runx1 and Scl, on this cell population. The transcription factor Runx1 is required in vivo for the generation of definitive haematopoietic cells 11 and its absence results in vitro in the generation of 20 times fewer blast colonies, with residual blast colonies restricted to a primitive haematopoietic fate 27 . We performed a time-lapse analysis of blast colony development from isolated Runx1 2/2 Flk-1 1 cells. Clusters of tightly associated adherent cells were observed (Fig. 3a ), but only a few of these clusters later generated blast colonies (data not shown). Cells were observed to emerge from most clusters but died instead of proliferating ( Fig. 3a and Supplementary Video 3) . Immunofluorescence analyses confirmed that cells within these clusters expressed CD31 but that no CD41 1 cells were present ( Supplementary Fig. 8 ). The defect in haematopoietic development was further observed by FACS analysis that showed a marked reduction in the frequency of CD41 1 cells (Fig. 3b ) and an increased frequency in the Tie2 hi c-Kit 1 cell population (Fig. 3c) .
To examine further the requirement for Runx1, we generated a Runx1 2/2 embryonic stem cell line containing a doxycyclineinducible Runx1 complementary DNA (iRunx1). When doxycycline was added at day 2 of blast development, at least a tenfold increase in CD41 1 cell frequency was observed after 24 h, associated with downregulation of Tie2 expression ( Supplementary Fig. 9a ) and induction of expression of genes involved in myeloid cell development ( Supplementary Fig. 9b ). To establish whether the developmental block observed in the absence of Runx1 was at the level of the Tie2 hi c-Kit 1 CD41 2 cell population, we isolated these cells and cultured them in the presence of doxycycline. After 48 h, around 60% of the cells expressed CD41 and one-third of these cells downregulated Tie2 expression ( Fig. 3d) . Additionally, the CD41 1 cells incorporated acetylated low-density lipoprotein (LDL), which is taken up by endothelial cells 28 , further supporting their endothelial origin (Fig. 3e ). Finally, definitive haematopoietic precursors were exclusively detected in colony assays in cultures induced with doxycycline ( Fig. 3f ). Together, these results demonstrate that the Tie2 hi c-Kit 1 CD41 2 haemogenic endothelial cell population is generated in absence of Runx1 but that Runx1 is indispensable for the generation of definitive haematopoietic cells from this population. LETTERS Accordingly, Runx1 2/2 Flk-1 1 cells generated significantly more colonies of tightly associated cells than wild-type cells in BL-CFC clonogenic assays ( Supplementary Fig. 10 ). Their number was inversely correlated with the number of blast colonies observed with wild-type cells ( Supplementary Fig. 11a ). The presence of haemogenic endothelium in these tight structures was supported by detection of a large proportion of CD31 1 or Tie2 1 c-Kit 1 cells in individual colonies by immunostaining ( Supplementary Figs 8 and 11b , respectively) and of Tie2 hi c-Kit 1 CD41 2 cells by FACS analysis on pooled colonies ( Supplementary Fig. 11c ). Additionally, around 75% of individual colonies (26 out of 34) were able to give rise to haematopoietic cells on Runx1 re-expression ( Supplementary Fig. 11d ). These data support the notion that these tight colonies generated from the haemangioblast contain cells with haemogenic endothelium potential that are unable to initiate haematopoiesis in the absence of Runx1.
Scl is another critical regulator of haematopoiesis as Scl 2/2 cells are unable to generate either primitive or definitive haematopoiesis 10 . Plating of Scl 2/2 Flk-1 1 cells resulted, as shown previously 29 , in the absence of blast colonies but also in a complete lack of clusters of tightly associated adherent cells (Fig. 4a ). We were unable to detect any CD41 1 cells (Fig. 4b) . Although Tie2 was expressed at levels similar to those in Scl 1/1 cells, only a very small fraction of cells co-expressed Tie2 and c-Kit (Fig. 4c ) and none of these cells expressed CD31, Flk-1 or MECA32 (data not shown). These data indicate that Scl is critical for the generation of Tie2 hi c-Kit 1 CD41 2 haemogenic endothelium population and place its role in haematopoietic specification before Runx1 requirement.
In summary, our data provide the first evidence for a direct link between the haemangioblast and a downstream haemogenic endothelium. The generation of this cell population is characterized by the upregulation of c-Kit in a Tie2 hi population and this process is Scldependent (Fig. 4d) . The consecutive generation of definitive haematopoietic cells, characterized by CD41 expression and Tie2 downregulation, requires the transcription factor Runx1, whereas primitive haematopoiesis is Runx1-independent. Identification of these discrete developmental steps will provide the opportunity to explore further the molecular regulation of haematopoietic development.
METHODS SUMMARY
Time-lapse analyses were performed in a Solent Scientific environmental chamber kept at 37 uC for the duration of the analysis and observed under a Zeiss Axiovert 200M microscope. Brachyury-green fluorescent protein (GFP) 25 Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
